We examined the hypothesis of a visual magnocellular involvement in intact reading, by testing a group of skilled readers in lateralized versions of coherent motion detection and lexical decision tasks. Motion detection thresholds were used to divide subjects into groups of poor and good motion detectors, their performance in lexical judgment of four letter string types was then compared. Although all subjects were skilled readers, good motion detectors were significantly faster than poor motion detectors when responding to words presented to the right visual field. We propose a role for the dorsal stream in facilitation of word recognition in LH language areas.
Introduction
For as long as three decades, the magnocellular visual system has been thought to be important for correct reading (Eden et al., 1996; Livingstone, Rosen, Drislane, & Galaburda, 1991; Lovegrove, Bowling, Badcock, & Blackwood, 1980) . Its involvement in reading was first suggested following dyslexia research revealing magnocellular-specific visual impairments in some individuals with dyslexia (Eden et al., 1996; Livingstone et al., 1991; Lovegrove et al., 1980; Stein & Walsh, 1997) . Dyslexia patients were shown to have reduced sensitivity to low spatial frequency and low luminance visual stimuli (Lovegrove et al., 1980) as well as higher motion detection thresholds (Cornelissen, Richardson, Mason, Fowler, & Stein, 1995) , compared with controls free of dyslexia. These behavioral impairments were further supported by electrophysiological recordings (Livingstone et al., 1991) and imaging techniques (Demb, Boynton, & Heeger, 1998; Eden et al., 1996) , in which individuals with dyslexia exhibited reduced activation in response to magnocellular biased visual stimuli. Post mortem analysis of dyslexic brains revealed abnormalities in the magnocellular layers of the LGN along with a reduction in size of the M-cells themselves, providing additional, anatomical support (Livingstone et al., 1991) . A correlation between magnocellular function and reading abilities was also found in healthy subjects free of dyslexia, such that reduced reading skills were associated with impaired performance in magnocellular biased visual tasks (Au & Lovegrove, 2001; Conlon, Sanders, & Zapart, 2004; Cornelissen et al., 1998) .
In spite of these evidences, other studies failed to show specific magnocellular impairment in dyslexia (for a review see Skottun (2000) ) and the functional relevance of magnocellular system activity to reading is still highly debated (Amitay, Ben-Yehudah, Banai, & Ahissar, 2002; Ramus et al., 2003; Sperling, Lu, Manis, & Seidenberg, 2005) . Alternative explanations at the perceptual level include deficits in visual noise exclusion (Sperling, Lu, Manis, & Seidenberg, 2006; Sperling et al., 2005) deficits in speech perception in noise (Ziegler, Pech-Georgel, George, & Lorenzi, 2009 ) and a deficit in stimulus specific adaptation mechanisms which impairs the formation of perceptual anchors (Ahissar, Lubin, Putter-Katz, & Banai, 2006) .
It might be that the lack of a causal mechanism, explaining why the magnocellular system is crucial for accurate reading, is responsible for the relatively marginal status of this theory in the literature. One mechanism that was proposed ascribes a role for the magnocellular system in accurate letter position encoding (Cornelissen et al., 1998) , possibly through precise shifting of visual attention during fixation (Vidyasagar, 1999) . According to this view, visual extrastriate area V5, dominated by magnocellular input, provides attentional feedback which modulates incoming visual information to V1, enabling the selection of sequential locations for processing during fixation (Vidyasagar, 1999 (Vidyasagar, , 2004 . In their 1998 paper, Cornelissen et al. found that impaired magnocellular function (manifested by elevated motion detection thresholds) was associated with a greater number of lexical mistakes caused by judging anagrams as real words. Subjects with higher coherent motion detection thresholds tended to perceive 0042-6989/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2010.02.019 anagrams, created by switching the position of two adjacent letters in a word, as real words. This result implies a degree of uncertainty about the position of adjacent letters, which supports an association between magnocellular function and letter position encoding.
Accurate reading is obviously affected by other factors as well, such as phonology, semantic context and hemispheric asymmetries for processing words. The left hemisphere (LH) is considered to be the 'verbal' hemisphere, showing an advantage in language processing in general, and in visual word recognition in particular (Cohen et al., 2000 (Cohen et al., , 2002 . It is hypothesized that this advantage is due to a more efficient, parallel recognition strategy employed by the LH (Ellis, 2004; Lavidor, Ellis, Shillcock, & Bland, 2001) . Support for this holistic recognition hypothesis comes from works showing that duration of word recognition in the LH is not affected by word length (Lavidor & Ellis, 2002; Lavidor et al., 2001 ).
Since we assume a magnocellular involvement in reading (Cornelissen et al., 1998) and in light of the hemispheric differences in word recognition ability (Cohen et al., 2000 (Cohen et al., , 2002 , it is reasonable to look for hemispheric differences in magnocellular functions. Few studies addressed the issue of magnocellular function asymmetry, with large inconsistencies between their findings. Some behavioral results suggest a strong RH dominance for the magnocellular governed task of visual trajectory perception (Boulinguez, Ferrois, & Graumer, 2003) . At the same time, ERP (Hollants-Gilhuijs, De Munck, Kubova, van Royen, & Spekreijse, 2000) and behavioral studies (Boulinguez, Savazzi, & Marzi, 2009) have found hemispheric dominance which varied across subjects (about 70% showed RH dominance). Finally, magnetic stimulation studies have repeatedly shown that the LH produces moving phosphenes more reliably than the RH, which might imply higher sensitivity of the magnocellular system in the left hemisphere (Beckers & Homberg, 1992; Stewart, Battelli, Walsh, & Cowey, 1999) .
Here, we aim to examine the connection between visual magnocellular function and intact word reading, in the two cerebral hemispheres separately. In order to do so we tested a group of healthy subjects, free of dyslexia, in lateralized versions of coherent motion detection and lexical decision tasks. Coherent motion detection is a well-established magnocellular-dominated task, used as a measure of dorsal stream functioning and V5 activity. In light of previous findings (Cornelissen et al., 1998) we assume there will be an association between coherence detection and reading. We expect this association to be more significant in the right visual field, as a result of left-hemisphere functions. In order to make sure that the link found is not mediated by other reading related processes, we included two tasks of visual attention and phonological abilities.
Methods

Participants
Forty-six healthy subjects (16 males) aged 19-31 (mean 22.5 ± 2.4) took part in a coherent motion detection (CMD) experiment. All subjects were right handed, having handedness scores of at least 80 as evaluated using the Edinburgh handedness inventory (Oldfield, 1971) and had normal or corrected-to-normal vision. Subjects were native speakers of Hebrew and did not have neither Dyslexia nor attention deficits diagnosis. Motion detection data was then used to identify two subgroups amongst the pool of subjects. In order to compare the magnocellular system prediction regarding reading with other accounts of reading performance, these two groups of subjects were tested in a series of three reading related tasks: lexical decision, visual attention and phonological awareness. All tasks were carried out with subject's understanding and consent.
Apparatus
Stimuli were displayed in a darken room on an 18 00 CRT monitor (refresh rate: 75 Hz) at a viewing distance of 55 cm. A chin-rest device was used in order to minimize subject's head movements.
Procedure
Coherent motion detection
A lateralized coherent motion detection (CMD) task was programmed and run using MATLAB 7.0 software. The stimulus comprised two random-dot-kinematograms, containing 300 dots each. At 55 cm each array of dots subtended 8.5°Â 12.4°of visual angle. Dots appeared in dark gray color over a brighter gray background (brightness ratio dots/background = 0.57) and were 0.14 cm (0.15°) in size. The arrays were presented simultaneously, one beside the other with a distance of 4.5 cm between them. A fixation cross appeared in the center of the screen between the two arrays such that, while fixating on the cross, each array appears in one hemifield (2.3°to the right or the left of fixation). Coherent motion was created by randomly selecting a fraction of the dots and replotting them in a single, randomly chosen, direction. Random motion was created by moving the rest of the dots in random directions. Apparent velocity was approximately 1 deg/s. Each trial began with 500 ms fixation followed by 500 ms motion period. On each trial, coherent motion could appear in only one of the arrays. Random motion appeared in the other one. An additional condition of no coherence, in which random motion appeared in the two arrays, was also added. This condition was aimed to abolish a possible strategy of subjects looking constantly at one of the hemifield. The probabilities of the different conditions were 'RVF coherence' = 'LVF coherence' = 40% and 'NO coherence' = 20%. Subjects had to decide whether coherent motion appeared in the right panel, in the left one or not at all, by pressing a keyboard button. The degree of motion coherence was changed independently in each array according to the subject's response, decreasing after three consecutive correct responses and increasing after an incorrect one in a 3-down 1-up staircase procedure. Following pilot experiments, the initial coherence level was set to be 63% and the step size was 3%. A reversal is defined as a change in coherence trend, i.e. a decrease in coherence after a period of increases or vice versa. The experiment ended after 15 reversals in each of the VF's and continued for no more than 400 trials. Two coherence thresholds were determined for each subject, calculated separately for the two VF's as the average of the coherence values at the last 12 reversals. The test was preceded by a minimum of 20 practice trials aimed to familiarize subjects with the task's pace and demands.
Lexical decision task
Subjects were asked to judge whether a five letter string, presented briefly in one of the visual fields, was a legal Hebrew word or not. Four types of strings were used: words, non-words, adjacent anagrams and distant anagrams (e.g. ORGAN, SMNBN, OGRAN and OAGRN, respectively). Adjacent anagrams were created by switching the positions of two internal adjacent letters in a word, either letters 2-3 or letters 3-4. Distant anagrams were created by switching the letters in positions 2-4 in a word. Non-words were generated by randomly rearranging the letters which construct the items in the words and anagrams lists. Overall there were 164 trials of which 40% were words, 12% were non-words, 24% were adjacent anagrams and 24% were distant anagrams. Word frequencies were equalized across the different conditions (words and anagrams) according to their number of search results in Google website (Blair, Urland, & Ma, 2002) [mean Log 10 (frequency) = 5.05, SD = 0.09]. Each trial began with a presentation of a fixation cross in the center of the screen for 1000 ms. After fixation, the target string was displayed 2.3°to the right or to the left of the screen center for 177 ms. A mask, made up of five number signs (#####), was presented simultaneously in the opposite side. Letters were presented in black over a light gray background using courier new font, size 16. At a viewing distance of 55 cm, each letter subtended 0.63°vertically. Target presentation was followed by a 1700 ms blank screen allowing the subject's response. Participants were asked to make a lexical decision by pressing one out of two keyboard buttons. Accuracy and reaction time data were collected automatically for each subject. The overall experiment was divided into two blocks with a 1 min break between them. Target type and location were counterbalanced across trials. Eight practice trials were given at the beginning of the session in order to familiarize subjects with the task.
Visual attention
We used a lateralized version of the classical paradigm (Posner, 1980) . Two black boxes were presented on a gray background. At a viewing distance of 55 cm. each box subtended 11.1°Â 8.3°of visual angle. Boxes were presented side by side at the horizontal meridian with their centers located at 8.33°eccentricity. In the beginning of each trial, a fixation point appeared at the center of the screen, between the two boxes, for 1000 ms. Target was a small white square (1.2°Â 0.9°) that was displayed in the middle of one of the boxes for 150 ms. Target was preceded by a 80 ms. cue in which one of the boxes changed its color from black to blue. Cue and target could appear in the same location, resulting in a valid trial, or in different location, resulting in an invalid trial. Subjects were instructed to state the location of the target (left or right) by pressing a keyboard button. The task included 80 trials. Cue validity and target position were counterbalanced across trials. Accuracy and reaction time data were collected automatically for each subject. Four practice trials were given at the beginning of the session in order to familiarize subjects with the task.
Phonological awareness
We used a spoonerism task (Romani, 1999) in which subjects had to exchange the initial phonemes of two Hebrew words (e.g. ''sad cat" gives ''cad sat"). 20 Hebrew word pairs were presented orally by the investigator. Word length was kept constant and equaled two syllables. Subjects had to first repeat the phrase and then silently perform the task pronouncing the result out loud. There was no time limit for response. Accuracy rates were collected for each subject.
Results and discussion
Coherent motion detection
The average threshold value found in our task was 78%, a value much higher than previously reported ones (Cornelissen, Richardson, Mason, Fowler, & Stein, 1995; Cornelissen et al., 1998) . This high threshold is probably the result of the lateralized presentation and the relatively short stimulus duration. Paired samples t-test revealed a significant difference between motion detection thresholds in the two visual fields [t(45) = 5.705, p < .001]. There was a RVF advantage for coherent motion detection (mean thresholds: RVF = 74%; LVF = 81%, see Fig. 1 ), which was consistent across the majority of subjects (36 out of 46 subjects). Despite the difference in sensitivity between the cerebral hemispheres, there was a significant correlation between the two threshold values [r(44) = 0.83, p < .001]. This correlation makes it possible to use only one of the thresholds in further analysis.
The significant and consistent RVF advantage in detecting coherent motion is in line with previous magnetic stimulation studies that have revealed greater activation in the left over the right V5 during phosphene generation (Beckers & Homberg, 1992; Stewart et al., 1999) . However, other results revealed either a RH advantage (Boulinguez et al., 2003) or an inconsistent direction of asymmetry across subjects (Boulinguez et al., 2009; Hollants-Gilhuijs et al., 2000) .
The task resulted in a large range of coherence thresholds which reflects variability in coherent motion detection abilities in the normal population. The large variability of threshold values allowed us to divide subjects into groups according to their performance in the task. Poor motion detectors were defined as subjects having RVF detection thresholds above the grand mean +3% (one experimental step). In the same way, good motion detectors were defined as subjects having RVF detection thresholds below the grand mean À one experimental step. This procedure yielded two subgroups which differed significantly in their motion detection abilities [good: mean threshold = 60%, n = 10 (2 males); poor: mean threshold = 88%, n = 9 (3 males); t(17) = 6.2, p < .001, see Fig. 2 ]. Mean age and educa- tion did not differ between the two groups [mean age: good = 23 -years; poor = 22.3 years; t(17) = .55, p = .586. All subjects were 1st year undergraduate students]. It is important to emphasize that all participants were healthy adult subjects, free of dyslexia, attention or neurological problems, representing therefore a normal population of skilled readers.
Lexical decision RT
Reaction times of correct responses are reported. In order to avoid anticipatory or excessively lengthy responses only the main 95% of every subject's reaction times were analyzed. Mixed design analysis of variance with motion group (MD) as the between subjects variable and stimuli type and VF as within subject variables, using reaction times as the dependent variable, revealed a global main effect of letter string type [F(3, 51) = 10.895, p < .001], a significant two-way interaction between string type and motion group [F(3, 51) = 3.378, p < .05] and, crucially, a significant threeway interaction between string type, visual field and motion group [F(3, 51) = 3.272, p < .05]. A series of eight Bonferroni corrected, independent-samples t-tests, (p < .006) revealed that the threeway interaction is the result of a significant difference in reaction times between the groups when judging words, but not other string types, presented in the RVF. Specifically, Good motion detectors were significantly faster than poor motion detectors only when judging words presented in the RVF (774 ms vs. 888 ms, respectively; t(17) = 3.553, p = .002, see Fig. 3.) . This difference is due to a lack of RVF/LH advantage for words in the case of poor MD's. Indeed, as opposed to the good MD's, where a significant RVF/LH advantage was found specifically for words [t(8) = 6.648, p < .001], poor MD's showed no difference between the visual fields for any of the string types. In contrast to previous results (Cornelissen et al., 1998) we found no difference between the groups in the anagram conditions. This fact might be the result of the lateralized presentation of letter strings which enabled finer characterization of reading strategies.
Accuracy
Mixed design analysis of variance with motion group (MD) as the between subjects variable and stimuli type and VF as within subject variables, using accuracy as the dependent variable revealed a global main effect of letter string type [F(3, 51) = 21.126, p < .001] and a significant interaction between string type and visual field [F(3, 51) = 4.185, p = .01]. A series of four Bonferroni corrected paired t-tests, indicates that this interaction is due to a difference in word reading performance between the two visual fields. Subjects were significantly more accurate when reading words presented to the RVF (mean = 0.72) than when the words were presented to the LVF [mean = 0.62, t(18) = 2.366, p < .05, see 
Control tasks
We found no difference between the phonological abilities of the two groups as reflected by their average number of spoonerism mistakes (see Table 1 for statistical data).
In addition, there were no differences in visual attention abilities between the groups. A mixed design analysis of variance with motion group (MD) as the between subjects variable and cue validity and VF as within subject variables, using reaction times as the dependent variable, revealed a global main effect of both validity [F(1, 17) = 10.438, p < .01] and visual field of target presentation [F(1, 17) = 28.619, p < .001]. However, there was neither a main effect of group nor any interaction between motion group and other variable. The two groups exhibited the expected pattern of cue validity (Posner, 1980) , reflected in shorter response times to valid compared to invalid cues (Table 1) .
Since we used a random selection of subjects, which were divided post-factum, only after completing all the tasks, it is safe to assume that the only difference between the groups is the Fig. 3 . Mean reaction times ± SE as a function of string type and motion groups, presented separately for the right and the left visual fields. 'Adj' = adjacent anagrams, 'Dis' = distant anagrams, 'NW' = non-words, word = true Hebrew words. parameter used to define them, namely, their motion detection ability. The fact that we found no group differences in both control tasks suggests that these factors do not contribute to any difference found in reading performance of the two groups.
General discussion
The present study tested dorsal stream function and reading abilities in a group of adult skilled readers. Our objective was to characterize differences in reading associated with magnocellular-dominated function, and to do so for each of the cerebral hemispheres individually.
Motion detection thresholds were taken as a measure of dorsal stream function and were used to define two groups amongst the experiment's subject pool. This division, based solely on a visual criterion, was also correlated with a difference in reading performance. Specifically, good motion detectors were significantly better than poor motion detectors in reading words presented to the RVF/LH (but not the LVF/RH). Despite the fact that all of our subjects were skilled readers, their motion detection abilities predicted qualitatively different reading patterns, thereby strengthening the idea of dorsal involvement in intact reading.
In contrast to previous views (Cornelissen et al., 1998) we found no difference between the groups in the anagrams conditions requiring correct letter position encoding. Instead, our results point to a unique involvement of the dorsal stream in visual word recognition. When coming to settle this difference in results, it is important to keep in mind that both presentation location (central vs. lateralized) and language (English vs. Hebrew) differed between the two experiments. Moreover, while here we found an effect in reaction times, Cornelissen et al. reported an effect only in accuracy. They found that poor motion detectors made significantly more errors on the anagram stimuli than good motion detectors did. However, poor motion detectors were also faster to respond to these stimuli. This potential speed-accuracy trade off prevents an appropriate comparison between the two sets of data. According to the integrated model for visual processing (Bullier, 2001) , visual information arriving through the dorsal stream induces rapid activation of area V5 and the frontal eye field where it generates low frequency representation of global information. This information is then back-projected, via fast feedback connection, to early visual areas V1/V2 where it is used to guide parvocellular processing of the visual scene. In a similar manner, we suggest that a low pass representation of the letter string is delivered through the dorsal stream to parietal and frontal areas. This representation is back-projected to early visual cortex and is used to prime a small set of words with resembling shapes or outlines in word-form related areas. Poor magnocellular performance would impair the delivery of this top-down representation, reducing its facilitating contribution. Such deficits in magnocellular function would result in extended response times to words. Non-words or anagrams, which are not represented in the orthographic lexicon, cannot create a similar expectation, and thus inherently cannot benefit from top-down facilitation. The proposed mechanism is in line with a role for the magnocellular system in guidance of visual attention (Vidyasagar, 2004) . Similar to the attentional spotlight model (Vidyasagar, 1999) , and the 'magnocellular advantage' theory (Laycock & Crewther, 2008) we suggest that fast magnocellular input arriving through the dorsal stream acts via feedback connection to guide further processing of the letter string. However, we believe that instead of selecting sequential locations for processing (Vidyasagar, 2004) , attention operates via biasing processing in favor of a subset of words with resembling shapes or outlines. A similar mechanism for object recognition was suggested by bar at 2003. According to his model, early visual magnocellular information is projected to the orbitofrontal cortex (OFC) triggering top-down facilitation of object recognition by biasing the bottom-up processes in favor of a small set of relevant possibilities (Bar, 2003) . We believe a local striate-extrastriate network containing area V5 to be a more suitable way to explain our results, linking coherent motion detection abilities with an enhancement of word recognition.
The use of lateralized presentation revealed a significant and consistent RVF over the LVF advantage for motion detection. It is interesting to bind the RVF advantage for motion detection with the well-established LH specialization in word recognition. It might be that the magnocellular coarse representation output is more dominant in the LH, making the top-down contribution more significant in that hemisphere. This suggestion is also in agreement with the idea of a holistic recognition strategy employed by the LH (Ellis, 2004; Lavidor et al., 2001 ) since a coarse representation of the word form will be advantageous only if the word is being recognized as a whole. This advantage can explain the fact that differences between the groups were found only in the LH.
An attempt to establish a causal connection between M activity and reading was recently made by Laycock, Crewther, Fitzgerald, and Crewther (2009) . By the use of single pulse TMS, the authors have identified two periods of left-V5 activity critical for correct single word identification (Laycock et al., 2009 ). This result is in line with our idea of a role for the dorsal stream in word recognition and moreover, supports the dominant involvement of left hemisphere areas in this process. Future studies might explore further whether there is a causal role to the magnocellular system in word recognition. Attention should be given to lateralization patterns of dorsal stream functions and to the relative contribution of dorsal stream areas in the two cerebral hemispheres to word recognition. 
